superlattices, with N ranging between 1 and 12 unit cells, as a result of a 1% in-plane lattice mismatch with PBCO. This epitaxial strain causes non-uniform changes in the interatomic distances within the unit cell which correlate with the decrease of the critical temperature in the strained layers [19, 20] .
In this paper we compare structural changes resulting from epitaxial strain with those arising from doping in oxygen depleted YBCO samples. In both cases, changes in the intracell distances are comparable in magnitude but some have opposite signs, and the comparison provides important information on the interplay between structure and superconducting properties. Using high spatial resolution electron energy loss spectroscopy (EELS) in a scanning transmission electron microscope (STEM) we show, for the first time, that epitaxially strained layers are underdoped. Structure refinement by X-ray diffraction shows that regardless of whether underdoping is caused by strain or deoxygenation, Tc is uniquely and refined with the SUPREX software [21, 22] , which allows refinement of atomic positions in the c-direction within the unit cell. Electron energy loss spectroscopy (EELS) measurements and Z-contrast images were obtained in a VG Microscopes HB501UX STEM operated at 100kV with a field emission gun, and a parallel detection EELS post-column spectrom-
eter. An anular dark field detector was used for imaging. In this microscope, the electron probe can be focused down to a diameter of a 2.2Å. Cross section samples for STEM were prepared by conventional grinding, dimpling and ion milling with Ar ions with an energy of o . Final cleaning was done at low voltage of 2 kV.
Superlattices grown by this technique had atomically flat interfaces with negligible interdiffusion as proven by x-ray diffraction analysis and energy filtered transmission electron microscopy. Details about sample preparation and interface characterization can be found elsewhere [20, 23] . In these YBCO layers, when the thickness is reduced below 4 unit cells epitaxial strain effects arise due to the 1% lattice mismatch between YBCO and PBCO, causing a quite inhomogeneous reorganization of intracell distances [19] . For the thinnest A , very close to the bulk value, pointing to an unstrained structure of the PBCO [19] . Lattice distortion due to the lattice mismatch with the STO in the first PBCO layer ( +0.4 % along a axis and -0.6 % along b axis) was not detected.
It is interesting to compare these structural changes with those arising through deoxygenation of bulk YBCO by Jorgensen et al [17] . Upon oxygen depletion the hole density decreases gradually, and so does the value of Tc. At the same time, quite substantial structural changes occur within the bulk YBCO unit cell. Contrary to the strained samples, one observes that as oxygen is removed, the Ba ion moves away from the basal CuO chain (5% for an oxygen content of 6.4 per formula unit), while the CuO 2 planes approach each other (3%).
Meanwhile, the distance between the Ba ion and the CuO 2 planes decreases slightly. Figure   1 demonstrates a clear correlation between structural changes and variations in the critical temperature for both deoxygenation and epitaxial strain. It is remarkable that changes in the different intracell distances caused by strain and deoxygenation are quantitatively similar, although in the case of the Ba-CuO distance show opposite sign.
For the superlattices, increasing epitaxial strain decreases the distance between CuO 2 planes, as would be expected from the Poisson effect alone. This is true both for adjacent planes (same cell) and for planes of neighboring cells [19, 20] . It would be expected that the enhanced coupling would increase Tc, which is contrary to the results observed. This suggests that a different effect is ruling the changes in the critical temperature. Significantly, the spacing of the CuO 2 bilayers decreases also upon oxygen removal, despite the fact that the c lattice parameter increases in this case.
The behavior of the Ba-CuO spacing between the Ba atom and the CuO chains (figure 1b) is more complicated. In epitaxially strained samples Tc decreases with decreasing BaCuO separation, while the opposite trend is found for the oxygen depleted bulk samples. The bell shaped aspect of figure 1b could point at first glance to an optimal Ba-CuO distance for which the maximum Tc is attained. Since on the right branch, the oxygen depleted samples, Tc decreases due to underdoping, the left branch, would be interpreted as overdoping of the CuO 2 planes due to the strain induced structural change. However, this conclusion is opposite to that indicated by the contraction of the CuO 2 bilayer spacing which occurs both for strained and for underdoped samples. In the following we explicitly deoxygenate the strained superlattices to show that overdoping is not the cause of the reduced Tc.
Strained [YBCO 1 /PBCO 5 ] 1000Å superlattices were depleted of oxygen to a nominal content 7-x= 6.93, 6.8 and 6.6 per formula unit. Oxygen content was adjusted in-situ, after sample growth, following a stability line in the phase diagram corresponding to the desired oxygen stoichiometry during sample cool down [24] . These oxygen contents are nominal and the values were inferred from the results obtained on companion thin films of YBCO which were given the same deoxygenation sequence [25] . The structure was quantitatively determined through the refinement of the x-ray diffraction spectra. When oxygen was removed, from reference [17] . This shows that the structural changes caused by deoxygenation in strained layers track exactly those occuring in (relaxed) bulk samples. We can therefore directly test the correlation of the Ba-CuO spacing to Tc. For a nominal oxygen content of 7-x = 6.6, we have Tc = 10K in the strained superlattice (see figure 3 , discussed below) and the Ba-CuO spacing attains a value of 2.14Å. This is close to the value found for optimally doped unstrained YBCO with Tc = 90 K (see figure 1b) . It can be concluded that Tc is not determined by the absolute value of the Ba-CuO spacing.
We now present definitive evidence that the strained superlattices are underdoped. While the pre-peak at 528 eV is present for the relaxed sample, it is absent in the ultrathin strained layers. This evidences an important change in the hole density in the YBCO layers in the strained superlattice, confirming that the hole concentration is substantially reduced in epitaxially strained samples. Therefore, we can rule out the possibility of overdoping due to strain as a cause of Tc depression in [YBCO 1 /PBCO 5 ] superlattices. It is possible that the strained layers are underdoped not due to the strain but as a result of oxygen deficiency provided that the determination of absolute oxygen concentration in such thin films is a difficult task. However, annealings in pure oxygen at 1 atmosphere and 500 o C did not produce significant T c changes. Moreover, these fully oxygenated samples did not show measureable persisting photoconductivity after long term illumination with white light [30] , thus excluding the possibility of oxygen deficiency.
Having established that both epitaxially strain and deoxygenation cause underdoping, we return to the correlation of the CuO 2 bilayer separation with Tc shown in Fig. 1a .
For our samples this correlation is independent of how a particular spacing was achieved, 
